In Rhizobium meliloti, an aspartate aminotransferase (AspAT) encoded within a 7.3-kb HindIII fragment was previously shown to be required for symbiotic nitrogen fixation and aspartate catabolism (
subcloning and transposon TnS mutagenesis. Sequencing of the tat4 gene revealed that it encodes a protein homologous to an Escherichia coli aromatic aminotransferase and most of the known AspAT enzymes. However, sequencing of the aat4 gene region revealed two overlapping open reading frames, neither of which encoded an enzyme with homology to the typical AspATs. Polymerase chain reaction was used to selectivel generate one of the candidate sequences for subcloning. The cloned fragment complemented the original nitrogen fixation and aspartate catabolism defects and was shown to encode an AspAT with the expected properties. Sequence analysis showed that the aaL4 protein has homology to AspATs from two thermophilic bacteria and the eukaryotic tyrosine aminotransferases. These aminotransferases form a distinct class in which only 13 amino acids are conserved in comparison with the well-known AspAT family. DNA homologous to the aatAi gene was found to be present in Agrobacterium tumefaciens and other rhizobia but not in Klebsiella pneumoniae or E. coli.
Bacteria of the Rhizobium and Bradyrhizobium genera form nodules on the roots of legumes. The interaction is a symbiosis in which the bacteria, called bacteroids, proliferate and fix nitrogen within host cells in the nodule. The process requires a complex interchange of metabolites, such as carbon and energy sources for the bacteroids and ammonia export to the plant (43, 44) . Identification and analysis of bacterial and plant enzymes active in the nodule is an important approach to understanding the metabolic pathways used by both partners during the symbiosis.
Aspartate aminotransferase (AspAT) appears to play an important role in the metabolic interconversions occurring in both the plant and the bacteria. This enzyme catalyzes the reversible conversion of aspartate plus a-ketoglutarate to glutamate plus oxaloacetate. The AspAT reaction is variously involved with nitrogen metabolism, amino acid synthesis and degradation, and carbon utilization and serves as an important link for several metabolic pathways to the tricarboxylic acid cycle (7) . The enzyme characteristically occurs as a dimer containing 45,000-Da subunits. It requires a cofactor, pyridoxal phosphate, which is covalently bound to a lysine residue and forms an aldimine with the amino acid substrate during the reaction. The three-dimensional structures and details of the active-site reactions of the enzyme have been determined (16, 23, 28) .
AspATs are present in all organisms, usually as multiple isozymes which may be tissue or organelle specific (7, 26) . The sequences of many animal AspATs are known, including cytoplasmic and mitochondrial species (20, 23) . Two AspAT genes have been cloned and sequenced from alfalfa (18, 47) , and the sequence of an AspAT from Saccharomy-* Corresponding author. ces cerevisiae has been reported (8) . The plant and yeast AspATs are homologous to those studied from animals. Similarly, the sequences of the Escherichia coli AspC and TyrB proteins, which are an AspAT and an aromatic aminotransferase (AroAT), respectively, have been determined and also found to be similar to those of the AspATs of eukaryotes (17) . Only two AspATs which differ from this class of AspATs have been reported: one found in an extreme thermoacidophilic archaeobacterium, Sulfolobus solfataricus (9) , and a similar enzyme in a thermophilic Bacillus species (45) . These have been regarded as phylogenetically distant forms of the enzyme which may have evolved to function at extreme temperatures (8, 9, 32, 45) .
Effective alfalfa nodules show higher levels of AspAT activity than do ineffective nodules or other plant tissues (18, 22, 47) . The high activity of the enzyme is thought to be required for assimilation of ammonia into aspartate and asparagine for export to the plant (22, 46) . It may also play a role in linking nitrogen and carbon metabolism between the bacteria and host cells in the nodule, as has been proposed in models involving a metabolic shuttle system, such as a malate-aspartate shuttle (2, 27).
There have been several studies of aspartate and aromatic aminotransferases in Rhizobium spp. (29, 36, 37) . Multiple forms of both enzymes have been found, some with overlapping substrate specificities, as occurs frequently for these types of enzyme (19, 26) . In Rhizobium leguminosarum bv. trifolii, Perez-Galdona et al. (36) have identified five different AroAT enzyme activities. These enzymes were found to be specific for aromatic amino acids and histidine. Genes encoding Rhizobium meliloti AroATs, including two which also utilized aspartate as a substrate, have been described by Kittell et al. (29) . This group cloned genes encoding R. meliloti AroAT enzymes by complementation of aminotrans-ferase-deficient mutants of E. coli. Mutations in these genes did not affect the symbiotic ability of R. meliloti.
We have described a mutant of R. meliloti in which alteration of a gene encoding an AspAT resulted in the failure of mutant cells to catabolize aspartate and to induce effective nodules on alfalfa (37) . The defects were complemented by plasmids carrying either the region encoding the AspAT enzyme or a different region found to encode an AroAT enzyme. The latter gene appears to complement the mutation by causing an overproduction of AroAT enzyme activity, which is active with aspartate as a substrate, but this gene itself is not required for symbiotic nitrogen fixation. Here, we describe the subcloning and nucleotide sequences of the R. meliloti AspAT gene and the AroAT gene which is able to compensate for its absence. We refer to the AspAT gene as aatA and the AroAT (tyrosine aminotransferase [TyrAT]) gene as tatA. Sequence analysis of the deduced protein product of the aatA gene showed it to differ in sequence from conventional AspAT enzymes. Instead, it has sequence similarity to a few atypical aminotransferases which appear to define a distinct class of this enzyme.
MATERIALS AND METHODS
Bacterial strains, plasmids, and media. Bacterial strains and plasmids are listed in Table 1 . As described previously, the original aatA mutant, 4R3, contains an unidentified mutation in the aatA gene which was found to be responsible for its Fixand aspartate utilization phenotypes (37) . The strain also carries a TnS insertion elsewhere in the genome with no known phenotype. A derivative with a defined insertion in the aatA gene in a wild-type background, R681, was generated by recombination of a TnS(Gm) insert in the aatA gene into the genome and transduction of the mutation into R. meliloti JJ1c10.
R. meliloti and Agrobacterium tumefaciens were grown on TY medium supplemented with 6 mM CaCl2 (5) or in M9 medium (31) supplemented with 20 mM carbon source and yeast extract (Difco, Detroit, Mich.) (50 ,ug/ml). Antibiotics used were rifampin (100 ,ug/ml), tetracycline (5 ,ug/ml), kanamycin (40 Rg/ml), and gentamicin (10 ,ug/ml). E. coli strains were grown on LB medium (31) . Antibiotics used for E. coli were tetracycline (10 ,ug/ml), kanamycin (20 ,ug/ml), and ampicillin (20 ,ug/ml).
Genetic manipulations. Restriction enzyme digestions, agarose gel electrophoresis, purification of individual restriction fragments, and cloning were done by standard methods compiled by Maniatis et al. (31) . Triparental matings to introduce cosmids or pRK310 derivatives from E. coli into R. meliloti or A. tumefaciens were done with pRK600 as described previously (12) . Localized TnS(Gm) and TnS mutagenesis of cosmids was done with temperature-sensitive plasmids pCHR84 and pCHR81, respectively (41) . Transposon insertions in the tatA gene region were recombined into the R. meliloti genome by the marker exchange technique described by Ruvkun and Ausubel (38) , with pPH1JI as a P-group plasmid to displace cosmids by incompatibility. Transductions were done as described by Finan et al. (14) . Hybridization techniques have been described previously (42) .
To assay the nitrogen fixation phenotype, alfalfa plants (Saranac) were grown on slopes of nitrogen-free plant nutrient agar and inoculated with the R. meliloti cells to be tested as described previously (42) . PCR techniques. Polymerase chain reactions (PCRs) were done as described by Saiki (39) in 100-,u reaction volumes with 30 temperature cycles, each consisting of 94°C for 45 s, 55°C for 30 s, and 72°C for 1 min. PCR buffer contained 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 1.5 mM MgCl2, 10 ,ug of gelatin per ml, and 0.05% Triton X-100. In addition to template DNA, the reaction mix included 200 ,M each of the four deoxynucleoside triphosphates, 0.25 ,uM each of the primers, and 2.5 U of Taq polymerase. Samples were separated and purified by agarose gel electrophoresis. The nucleotide sequences of the 30-mer primers complementary to the beginning and end of the aatA open reading frame (ORF), respectively, were ATACGGATCCTCAGGAAA CACACCATGGCC and GCAAGGATCCTTATCTGCAG GCGGCGCAGA. Both primers contain BamHI sites added to the aatA gene sequence to permit cloning after amplification.
DNA sequencing. The nucleotide sequence of the DNA segments containing the aatA and tatA genes was determined by the dideoxynucleotide sequencing method (40) with double-stranded DNA. The conditions and reactions used were as described previously (48) . The chosen primers were synthesized with a Biosearch 8750 DNA synthesizer. To sequence outward from Tn5(Gm) or TnS inserts, cosmids were digested with BamHI and EcoRI and ligated into pUC19. Plasmids carrying one TnS arm were selected for Kmr. When appropriate external EcoRI sites were not present, HindIII fragments containing the TnS arm were purified for cloning. The primer for sequencing of the TnS arms was described previously (48) . Subsequently, the aatA sequence was completely determined on two strands with pVR80 as the template, and the tatA gene sequence was determined with pVR1510.
DNA sequence analysis was done with computer programs from PCGene software (Intelligenetics Corporation, Mountain View, Calif.). Sequence similarity searches were done with the program FSTPSCAN (30) to search the Swiss-Prot Protein Sequence Data Bank, Release 18. Sequence alignments were done with the PALIGN (35) and CLUSTAL (24) programs (open gap penalty, 9; unit gap penalty, 3). The histidinol phosphate aminotransferase sequences used were HIS8$ECOLI (E. coli), HIS8$SALTY (Salmonella typhimurium), HIS8$YEAST (S. cerevisiae), HIS8$BACSU (Bacillus subtilis), HIIS8$HALVO (Halobacterium volcanii), and HIS8$STRCO (Streptomyces coelicolor). The other aminotransferase sequences used were E. coli AspC (AAT$ECOLI), E. coli TyrB (TYRB$ECOLI), chicken cytoplasmic AspAT (AATC$CHICK), chicken mitochondrial AspAT (AATM$CHICK), Sulfolobus solfatanicus AspAT (AAT$SULSO), rat TyrAT (ATTY$RAT), and human TyrAT (ATTY$HUMAN). The sequence of the AspAT protein from the thermophilic Bacillus species described by Sung et al. (45) was entered manually.
Enzyme assays. Cell-free protein extracts of log-phase cultures of R. meliloti and A. tumefaciens were prepared as described previously (37) . AspAT was assayed by the UV method described by Bergmeyer and Bernt (3) . Malate dehydrogenase was assayed as described by Bergmeyer and Bernt (4) . NADH oxidation was monitored at 340 nm, and the activities were determined by using a molar extinction coefficient of 6220. Tyrosine was used as the substrate for assaying AroAT activity by a modified Diamondstone method (21) . The molar extinction coefficient used to calculate the amount of p-hydroxybenzaldehyde produced was 19,900. Polyacrylamide gel electrophoresis and AspAT activity staining were done as described previously (37) .
Nucleotide sequence accession numbers. The nucleotide sequences of the aatA and tatA genes have been assigned GenBank accession numbers L05064 and L05065, respectively.
RESULTS
Localization and nucleotide sequence of aat4. Plasmid pVR8 contains a 7.3-kb HindIII fragment within a genomic segment previously referred to as region I. It has been shown to encode an AspAT and complements the growth and symbiotic defects of an R. meliloti mutant, 4R3, lacking the gene for the same enzyme (37) . To localize the AspAT gene, aatA, the insert cloned in pVR8 was first recloned in vector pUC19 to generate pVR80, and its restriction map was determined ( Fig. 1A) . Plasmids carrying subclones of restriction fragments were tested for their ability to complement the defects in R. meliloti 4R3. Only those containing a central 4.2-kb ClaI fragment complemented the aspartate catabolism defect, namely pVR8, pVR83, and pVR85 (Table  1) . Also, TnS(Gm) mutagenesis was carried out with pBB131, a cosmid containing the 7.3-kb HindIII fragment.
Insertions found to lie within the 7.3-kb HindIII fragment were tested for their effect on its ability to complement the defects in growth on aspartate and nitrogen fixation in aatA mutant 4R3. Four transposon insertions which resulted in loss of the ability to complement these defects were localized to a 1-kb region within the 4.2-kb ClaI segment, as shown in Fig. 1A .
The nucleotide sequence of the aatA gene was determined by sequencing outward from TnS(Gm) insertions within the 1-kb region, using primers complementary to the TnS inverted repeats. The nucleotide sequence of the region is shown in Fig. 2 .
Delineation of the aatA gene by PCR amplification, cloning, and expression. Nucleotide sequence analysis showed the presence of two oppositely oriented and overlapping ORFs, both of which were interrupted by the TnS(Gm) insertions which inactivated the aatA gene. One of these is the 1,200nucleotide ORF shown as encoding the AatA protein in Fig.  2 ; the second is a 1,121-nucleotide ORF on the opposite strand between nucleotides 1234 and 110. Neither candidate ORF potentially encoded a protein recognizable as a conventional AspAT, although the former showed a short match consisting of three out of four amino acids. To determine whether indeed this was the aatA gene, PCR primers were used to selectively amplify this ORF. Primers were synthe-sized with a sequence that conferred BamHI ends to the amplified DNA and which amplified the ORF from 14 nucleotides before its ATG start codon, to include the ribosome-binding site, to its TAA termination codon. The amplified fragment included the 5' end but lacked the 3' end of the overlapping ORF. The 1.2-kb PCR product was purified and cloned into the BamHI site of vector pTE3, which contains a strong trp gene promoter (13) . Plasmids pVR57 and pVR58 containing the fragment in both orientations relative to the direction of trpPO were prepared. Both derivatives were mobilized into an aatA mutant, R. meliloti R681. Only plasmid pVR57, in which the candidate ORF was in the same orientation as the trpPO promoter, complemented the aspartate catabolism and symbiosis defects of the mutant. This result strongly indicated that the chosen ORF is the aatA gene.
To further confirm that the AatA protein is an AspAT, pVR57 and pVR58 were mobilized into A. tumefaciens UBAPF1. AspAT, AroAT, and malate dehydrogenase activities were determined in crude extracts prepared from the A. tumefaciens and R681 transconjugants. As shown in Table 2 , pVR57 conferred high AspAT activity on extracts of R. meliloti R681 and A. tumefaciens. pVR58, in which the fragment was cloned in the opposite orientation from the promoter, had no effect on AspAT activity in extracts of these strains. An AspAT activity associated with pVR57 was also found by analysis of cell extracts of the A. tumefaciens derivatives by polyacrylamide gel electrophoresis and staining for AspAT activity (data not shown). These experiments demonstrate that the AatA protein is an aminotransferase coded for by the sequence shown in Fig. 2 .
Localization and sequencing of tatAl. Cosmid pBB132, containing a genomic DNA segment referred to as region II, has previously been shown to complement the R. meliloti aatA mutant 4R3. The complementation is due to the presence of the tatA gene, which encodes an AroAT. The tatA gene is within an 11-kb HindIII fragment in plasmid pVR15 (37) . To analyze the tatA gene region, an internal 7.1-kb BamHI fragment which complements the R. meliloti 4R3 defects was cloned from pVRl5 to produce pVR151. A map of this fragment is shown in Fig. 1B . Segments were subcloned into pRK310 and tested for the ability to complement the aspartate utilization defect of aatA mutant 4R3. Only those containing a 2.8-kb PstI fragment complemented the defect, namely pVR15, pVR1511, and pVR1512 (Table 1) . Two TnS insertions, Tn5-c2 and TnS-c20, resulted in wildtype nitrogen fixation and aspartate utilization phenotypes when recombined into the genome. The TnS-c2 insertion but not TnS-c20 abolished the ability of the region to complement these defects when introduced into aatA mutant 4R3 on a cosmid. Insertion TnS-c2 was mapped within the 2.8-kb PstI fragment. The tatA gene was sequenced, starting from within the TnS-c2 insertion, as described above for sequencing the aatA gene. It was found to encode a protein homologous to the typical AspAT family of proteins, including TyrB, an E. coli AroAT. The sequence of the tatA gene and the deduced sequence of the TatA protein are shown in Fig. 3 . Like the aatA gene, the coding region of the tatA gene is followed by an inverted repeat which may function as a transcription terminator.
Comparison of amino acid sequences of aminotransferase enzymes. The R. meliloti AatA protein was not found to be comparable in sequence to the well-known AspATs or E. coli TyrB, showing only about 15% homology to them, compared with random homology of about 12%. By contrast, these aminotransferases are 40 to 50% homologous to each other. When the AatA protein sequence was used to search for homologous sequences in the Swiss-Prot Protein Sequence Data Bank, it was found to have 31% homology to an unusual AspAT from a thermoacidophilic archaeobacterium, Sulfolobus solfatanicus (9) . An AspAT from a thermophilic Bacillus species with homology to the S. solfataricus enzyme has been reported (45) , and comparisons with this enzyme showed that it also had about 30% homology to the R. meliloti AatA enzyme. In further comparisons with a library of all aminotransferases in the data bank, the AatA protein was also found to have 24% homology to rat and human TyrAT.
To clarify the relationships of these different aminotransferases, they were compared by pairwise and multiple alignment programs. Histidinol phosphate aminotransferases were included in these comparisons, since Mehta et al. (34) have previously reported that they have low but significant similarity to the typical AspATs and rat TyrAT. As shown in Fig. 4 , it was found that these aminotransferases are divisible into three classes. One class is the well-known group of eukaryotic AspATs and E. coli TyrB. The R. meliloti TatA enzyme belongs to this class. A comparison of five members of this class, including R. meliloti TatA, the E. coli AspC and TyrB enzymes, and representative mammalian cytoplasmic and mitochondrial AspATs, showed that 73 (18%) of the amino acids are conserved in all five. The R. meliloti AatA enzyme is in a distinct class of aminotransferases which includes the AspATs from S. solfataricus and the thermophilic Bacillus species and the eukaryotic TyrATs. Compar- 101 
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FIG. 2. Nucleotide sequence of the R. meliloti aatA gene and deduced amino acid sequence of the AatA protein. The nucleotide and amino acid residues are numbered on the left and right sides, respectively. An 18-nucleotide inverted repeat distal to the gene is indicated by the arrows above the sequence. Locations of the 9-bp repeats generated by the Tn5(Gm) insertions used for sequencing are indicated.
ison of five of these enzymes showed that 47 amino acids (12%) are conserved. A third related class of aminotransferases consists of the histidinol phosphate aminotransferases (34) . These were found to have 37 common amino acids (10%). When comparisons were made among the three classes, only 13 amino acids (3%) were common to all the aminotransferases examined. Figure 4 shows the functions which have been ascribed to some of the amino acids of the common AspAT class by three-dimensional structural determination (16, 23, 28) . All of the amino acids conserved in the three sequence classes either correspond to or are spatially near amino acids known to serve essential functions related to the aminotransferase activity of the enzyme. Most of the conserved amino acids are apparently involved in forming the binding site for the pyridoxyl phosphate cofactor. In particular, one of the conserved amino acids corresponds to the Lys-258 residue, in which the c-amino group is bonded to pyridoxyl phosphate. This residue has also been demonstrated to bind the cofactor in the AspAT from S. solfatanicus (6) . An important Hybridization of the R. meliloti aminotransferase genes to genomic DNA of other bacteria. Figure 5 shows an autoradiogram in which EcoRI-digested genomic DNAs from a number of Rhizobium species, E. coli, and Kiebsiella pneumoniae were blotted and probed with the aatA4 gene. The gene hybridized to two EcoRI fragments from R. meliloti with DNA from three different strains (Fig. 5, lanes a to c) , a large (>15 kb) fragment and a fragment of about 7 kb. Other hybridizations and mapping have shown that, in R. meliloti JJ1c10, the larger EcoRI fragment contains the aatA gene and the smaller fragment has partial homology to it. This result suggests that R. meliloti contains a related gene in addition to aatA. This gene, designated aatB, has been independently cloned and sequenced by J. Alfano and M. L. Kahn, who found that it encodes another R. meliloti AspAT with sequence homology to AatA (1).
The aatA gene probe also showed partial homology to EcoRI-digested DNA from A. tumefaciens and other Rhizobium species, with the exception of R. leguminosarum bv. trifolii (Fig. 5 ). It did not hybridize to DNA from E. coli or K pneumoniae. Further testing by hybridization to DNA cut with other restriction enzymes showed that R. leguminosarum bv. trifolii does contain DNA homologous to the R. meliloti aatA gene. However, parallel hybridizations with the E. coli and K pneumoniae DNAs confirmed the absence of homologous DNA in these bacteria.
Kittell et al. (29) have cloned and analyzed several genes encoding AroAT enzymes from R. meliloti 102F34. We have obtained clones encoding two of these genes, which they called aatl and aat2. Our aatA gene was not found to be homologous to either of these, but hybridization with the tatA gene as a probe showed that it is homologous to aatl. Hybridization to blots of DNA from the bacteria used for probing with the aatA gene showed that sequences homologous to the tatA gene are present in all the other species in the family Rhizobiaceae, in E. coli, and in K. pneumoniae (data not shown). This result is in agreement with the broad distribution of DNA homologous to the aatl gene in gramnegative bacteria shown by Kittell et al. (29) .
DISCUSSION
We have described the cloning and sequencing of two aminotransferase genes from R. meliloti. The aatA gene encodes an AspAT which is essential for symbiotic nitrogen fixation. Its activity can be replaced by high expression of a second aminotransferase gene, tatA, which encodes an AroAT. The aatA gene was found to encode a 400-aminoacid protein; the tatA gene encodes a 389-amino-acid protein. These sizes (about 45,000 Da) are characteristic of known AspATs and AroATs. However, comparison of the deduced amino acid sequences of the AatA and TatA proteins has shown that they have little sequence homology despite the similarity of the aminotransferase reactions which they catalyze. The sequence differences between these two proteins are also in contrast to the known sequence homology of the AspC protein (an AspAT) and the TyrB protein (an AroAT) from E. coli. Only the R. meliloti TatA protein showed significant homology to these E. coli enzymes as well as to the eukaryotic AspATs.
Comparison of the protein encoded by the aatA gene with other well-known AspATs and AroATs established that it is atypical in sequence. It belongs to a novel class of aminotransferases which are clearly related by sequence homology. The two classes of AspAT have retained a minimal level of homology by conservation of about 13 amino acids distributed throughout their sequences. Most of these conserved amino acids, for the common AspATs, have been identified by studies of their three-dimensional structure as contributing to the binding of the pyridoxyl phosphate cofactor, suggesting that the two classes share an overall similarity in reaction mechanism and structure. Both classes are similarly related to a class of histidinol phosphate aminotransferases, in which the same amino acids are conserved. Surprisingly, the AspAT-containing classes are no more similar to each other than they are to the histidinol phosphate aminotransferase class, despite the fact that they have similar substrates.
The AspAT class to which the R. meliloti AatA enzyme belongs includes, in addition to the AatA and AatB proteins, AspATs from two thermophilic bacteria and mammalian TyrATs. Hybridization has also demonstrated that this type of aminotransferase is present throughout the Rhizobiaceae. Therefore, like the typical AspAT class, this new class of aminotransferase is broadly distributed in different organisms, including enzymes from gram-negative and grampositive prokaryotes and eukaryotes. Some organisms, such as R. meliloti and mammals, include representatives from both of the AspAT classes, whereas others, such as E. coli and K pneumoniae, do not appear to include homologs to the R. melioti AatA enzyme.
Does the novel AspAT class have any fundamental differences from the conventional AspATs? Since both types of enzyme are ubiquitous, it is apparent that neither group has evolved to fill a specific role characteristic of any one group of organisms, such as nitrogen fixation or thermophilic growth. It seems likely that the sequence differences between these two classes of AspAT enzymes are accompanied by fundamental differences in their enzymatic activity, such as differences in kinetic parameters for different substrates or products. Such differences could result in a preference for one type of enzyme or the other in the various metabolic pathways in which they participate. In studies of the S. solfetanicus AspAT, Marino and coworkers (6, 32) have noted differences in its substrate Kms compared with those of conventional AspATs. figure shows alignments of three sets of sequences: the top three represent the class whose members are homologous to the R meliloti (Rm) AatA protein; the central two represent the histidinol phosphate aminotransferases; and the bottom five are the R. meliloti TatA enzyme and other representatives of the well-known AspAT-type aminotransferases. Each set was aligned separately to identify conserved amino acids, shown in reverse type. These alignments included the representatives of each group listed in Materials and Methods, but some are omitted from the figure, namely the AspAT from a thermophilic Bacillus and human TyrAT from the first group and four histidinol phosphate aminotransferases from the second group. Full names and sources of the sequences shown are given in Materials and Methods. The amino acid residues are numbered on the right. The three classes of sequences have been aligned to show amino acids which are conserved throughout. These are indicated above the aligned sequences by solid circles. Amino acids known to be at or near the active site of chicken cytosolic (ChC) and mitochondrial (ChM) AspATs (16, 23) are indicated below the sequence. Residue numbers refer to those of pig mitochondrial AspAT as used by Ford et al. (16) . These residues bind to or constrain the movement of the substrates (Subst), the phosphate group of the coenzyme (PP phos), or its pyridine ring (PP ring). The Lys-258 residue forms an aldimine bond (ald bond) to the pyridoxal phosphate. Ss, S. solfataricus; Ec, E. coli; Sc, S. cerevisiae. Although the degree of hybridization of the two fragments in lanes a to c appears to be similar, other hybridizations have shown that this result is due to less efficient transfer of the larger EcoRI fragment during blotting. The lower fragment has partial homology to the probe, while the upper fragment contains the aat4 gene.
TyrAT enzymes are known to function in tyrosine catabolism in the liver, whereas the AspAT activity of mitochondria is known to function most effectively in a synthetic direction (10) . These differences are in agreement with the suggestion that the structural differences of the two enzyme classes reflect adaptations to different metabolic functions.
Further studies are required to determine the metabolic role of this enzyme, its preferred substrates, and its regulation. In addition to clarifying the role of the AatA protein in the symbiosis, such studies may also define essential differences in the functions of the two AspAT classes which have been described.
